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ABSTRACT: Solid-state cooling based on i-caloric effects has shown to be a promising 
alternative to the conventional refrigeration devices. Only very recently, the research on 
barocaloric materials is receiving a deal of attention due to the demonstration of giant 
barocaloric effects in shape-memory alloys. Regarding polymers, there is still a lack of 
literature, despite their high caloric potential. Thus, we present here giant barocaloric 
effects in natural rubber, a low-cost and environmental friendly elastomer polymer. The 
maximum values of entropy and temperature changes are larger than those previously 
reported for any promising barocaloric material. Moreover, the huge normalized 
temperature change and refrigerant capacity exhibited by natural rubber confirm its high 
potential for cooling applications. We also verify a relevant dependence of the barocaloric 
effect on the glass transition in natural rubber. Our findings suggest that commercial 
refrigeration devices based on barocaloric effects from elastomer polymers can be 
envisaged in the near future. 
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Natural rubber (also known as “India rubber”) is a polymer formed by continuous 
chains of the organic compound isoprene (C5H8). It presents unique physical and 
chemical properties, the most important being the elasticity: natural rubber (NR) can be 
reversibly stretched several times its initial length upon relatively low stresses. Although 
Mesoamericans already used stabilized forms of NR since antiquity,1 it was only after the 
discovery of sulfur vulcanization, in the nineteenth century,2 that NR has widely spread 
into industrial applications and commercial products. The explanation is that rubber-like 
elasticity is only exhibited if a certain number of cross-linkages are present between the 
polymer chains at some points,3 which are introduced by the vulcanization process. 
Polymer materials presenting a mechanical behavior similar to NR (rubber-like 
properties), independently of their chemical constitution, are called elastomers.    
In addition to its remarkable mechanical properties, NR presents another 
peculiarity: it warms up when rapidly stretched, and cools down when the stress is 
released. This effect was first observed by John Gough in 1805,4 and further studied by 
Joule5 for NR and other classes of materials. In fact, both scientists described what it is 
now designated as elastocaloric effect (σe-CE), the first i-caloric effect ever reported. The 
i-caloric effects refer to the isothermal entropy change (ΔST) or the adiabatic temperature 
change (ΔTS) registered in a material upon the application/removal of an external field 
(“i” stands for intensive thermodynamic variables). Depending on the nature of the field, 
the i-caloric effects can be categorized as magnetocaloric effect (h-CE), electrocaloric 
effect (e-CE) and barocaloric effect (σb-CE), besides the aforementioned σe-CE. Both σe-
CE and σb-CE are collectively described as mechanocaloric effects (σ-CE), which are 
driven by mechanical stresses.6–8 Solid-state cooling based on i-caloric effects appeared 
as a promising alternative for the conventional vapor-compression devices, matching the 
current energy-saving and eco-friendliness requirements for technological 
development.7,9–12  
In this context, σ-CE is receiving a great deal of attention in the last years as 
consequence of the work on the other caloric effects10 – extensively studied since the 
observation of the giants h-CE13 and e-CE14. Several shape-memory alloys (SMAs) 
exhibit giant values of σ-CE around room temperature.15–19 Regarding barocaloric 
materials, promising properties have been recently reported: ΔT = 8.4 K for 
MnCoGe0.99In0.01 (Δσ = 300 MPa);20 ΔT = 16 K and ΔST = -74 J kg-1 K-1 for 
(MnNiSi)0.62(FeCoGe)0.38 (Δσ = 270 MPa).21 Below room temperature, large ΔST values are 
observed for (NH4)2SO4 (ΔST = -60 J kg
-1 K-1 for Δσ = 100 MPa).22 The good performance of 
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SMAs stimulated, for example, the development of a sophisticated scientific setup for 
elastocaloric investigation by Schimdt et al.23 and a regenerative elastocaloric heat pump 
prototype by Tusek et al.24  Alternatively to SMAs, two families of polymers show 
promising mechanocaloric potential: elastomers and PVDF-based polymers.12 Among 
elastomers, NR is prominent due to its non-toxicity, sustainability and low-cost, also 
presenting long fatigue life.25 Moreover, large temperature changes (ΔT ~ 12 K) on fast 
stretching of NR were already observed in the 1940 decade by Dart et al.,26 evidencing 
its high caloric potential. Despite these favorable characteristics, the research on NR in 
view of cooling applications is still an incipient topic. Nevertheless, significant advances 
on the elastocaloric investigation of NR have been made in recent years.27–29 
On the other hand, σb-CE is the least studied i-caloric effect, with a lack of literature 
for many classes of materials (such as polymers). Concerning PVDF polymers, there a 
single work reporting experimental results for PVDF-TrFE-CTFE (ΔT ~ 18 K and ΔST ~ 
120 J kg-1 K-1 for Δσ = 200 MPa), obtained from indirect measurements.30 In the specific 
case of NR, only very recently experimental results of σb-CE were reported.31,32 The 
entropy/temperature changes associated to σb-CE are induced by the application of 
isotropic mechanical stress (isostatic pressure). Based on this principle, Figure 1 
schematically illustrates the barocaloric cooling process.  
In the present study, we systematically investigate the σb-CE in NR around room 
temperature at low applied pressures, in order to explore the encouraging perspectives for 
this material concerning future solid-state cooling technology. The experiments were 
carried out in a customized setup developed by our group.31 Giant σb-CE were observed 
in NR, exceeding all previously reported values. We compared NR with other barocaloric 
materials in literature by the calculation of caloric performance parameters, confirming 
the high barocaloric potential of NR. Moreover, our results show the influence of the glass 
transition on the adiabatic temperature change in NR. 
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Figure 1: Schematic illustration of the barocaloric cooling process, following the Brayton 
cycle. The yellow rectangles represent the solid refrigerant during the cycles. At the first step (1 
→ 2), the material is adiabatically compressed, increasing the sample temperature. Then, the 
heat gradually flows out from the sample to the heat sink and the temperature decreases down to 
initial temperature, as the applied pressure is kept constant (2 → 3). In the third step (3 → 4), 
the sample is cooled down as result of the adiabatic release of the load. Finally, (4 → 1), the 
heat is absorbed from the surroundings and the sample returns to its initial state. 
 
 
ΔTS of NR in the decompression process, as function of the initial temperature, was 
measured within the 43.4(9)–390(12) MPa pressure range (Fig. 2a). For the 26-87 MPa 
range, ΔTS remains stable up to 263 K, slight increasing above room temperature. A 
similar pattern is observed for 173 MPa, but with a sharp decrease in ΔTS at 223 K. On 
the other hand, for the two highest pressures (273 and 390 MPa) ΔTS curves present a 
strong dependence with initial temperature, reaching the maximum of ~25 K (390 MPa, 
314 K). This value surpasses the barocaloric ΔT obtained for PVDF-TrFE-CTFE30 or for 
any other intermetallic barocaloric materials reported so far.8  
In the three highest pressures, we can observe a temperature threshold, below which 
ΔTS values sharply reduce (Fig. 2a). That threshold shifts towards higher temperatures as 
pressure increases. Analyzing the glass transition (Tg) as a function of pressure (Fig. 2b), 
we verify that Tg also shifts to higher temperatures as pressure increases at a rate of dTg/σb 
= 0.16(2) K MPa-1. Moreover, Tg values are in accordance with the temperature thresholds 
presented by the curves in Fig. 2a. The deleterious influence of Tg on ΔTS can be 
explained by the fact that, at Tg or below, the derivative (∂ε/∂T)σ is mightily reduced. 
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Thus, it also should affect the isothermal entropy change values in the same temperature 
range.       
 
 
Figure 2: a) Adiabatic temperature change (ΔTS) vs. initial temperature. Values measured 
during the decompression process of NR at different pressure variations (26.0(5), 43.4(9), 87(2), 
173(3), 273(8) and 390(12) MPa); the dotted lines are guides for the eyes. b) Glass transition 
temperature (Tg) vs. applied stress (σb); opened symbol is Tg at atmospheric pressure, from DSC 
measurement, and closed symbols are Tg at different pressures, from ε vs T data, on heating 
process; squares are for 8-mm-diameter sample, and circles are for 12-mm-diameter sample; the 
dotted line corresponds to the linear fitting. 
 
 
The direct measurement of entropy change (∆S) usually represents a problem for 
caloric experiments: concerning σb-CE, only quasi-direct measurements of ∆S were 
reported up to now.8 Nevertheless, this issue can be partially addressed by an indirect 
quantification of the caloric effects. This method is implemented by measuring the 
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derivative (∂ε/∂T)σ and using a Maxwell’s relation to obtain the following expression for 
the entropy change33,34: 
                                    ∆𝑆𝑇(𝑇, ∆𝜎) = −
1
𝜌0
∫ (
𝜕𝜀
𝜕𝑇
)
𝜎
𝑑𝜎
𝜎2
𝜎1
                                       (1) 
where σ and ρ0 are the compressive stress and the density of the sample at atmospheric 
pressure, respectively. ε is the compressive strain, defined as ε ≡ Δl/l0 (where Δl is length 
change of the sample and l0 is the initial length). (∂ε/∂T)σ was determined by the ε vs. T 
curves measured at constant pressures (Fig. 2, Supplementary Information).  
Giant ΔST values were obtained at relatively low pressures on cooling, as shown in 
Fig. 3. At 290 K, the values calculated from eq. 1 are ΔST = −50(7) J kg-1 K-1 for Δσ = 
87(2) MPa and supergiant ΔST = −96(11) J kg-1 K-1 for Δσ = 173(3) MPa, leading to the 
normalized entropy changes of 0.58(8) and 0.56(6) kJ kg-1 K-1 GPa-1, respectively.. It is 
worth noticing that ΔST increases as temperature decreases, showing a clear trend of 
increasing at temperatures below 290 K, mainly for Δσ = 173 MPa.  
 
 
Figure 3: Isothermal entropy change (ΔST) as a function of temperature. Values for Δσ = 87(2) 
and 173(3) MPa, obtained from ε vs. T data for NR at constant pressures (Supplementary 
Information, Fig. 2). The estimated errors are (1 J kg-1.K-1 + 12%) and (1 J.kg-1 K-1 + 10%) for 
Δσ = 87 and 173 MPa, respectively. The error bars are omitted for the sake of clarity.  
 
 
Usually, the magnitude of entropy (S) and temperature (T) changes in i-caloric 
materials are proportional to the intensive thermodynamic variables (i.e., the maximum 
applied fields), following a power law in the form of ΔX(T,i) = 𝑎𝑋𝑖
𝑛𝑋 (X: S or T). 
Examples of this behavior are reported by Oesterreicher and Parker35 for h-CE (ΔS ∝ 
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H2/3), and by Lu et al.36 for e-CE (ΔT ∝ E2 at low electric fields, ΔT ∝ E2/3 for higher 
fields). Based on the same concept, we propose the following power law for the σb-CE: 
                                         −∆𝑋(𝑇, 𝜎𝑚𝑎𝑥) = 𝑎𝑋𝜎𝑚𝑎𝑥
𝑛𝑋                                             (2) 
where aX is the constant of proportionality, σmax is the maximum value of the 
applied/released pressure and nX is the power law exponent. Equation (2) is a 
generalization of the expression previously used by Usuda et al.32 to fit the barocaloric 
ΔTS as a function of σmax in NR. 
Another approach to take into account the relationship between the compressive 
stress and the entropy change comes from a thermodynamic model based on Landau’s 
theory of elasticity.37 Let us consider the power series expansion for the Helmholtz free 
energy:  
𝐹(𝑇, 𝜀𝑖𝑗) = 𝐹0(𝑇) − 𝐵𝛼(𝑇 − 𝑇0)𝜀𝑘𝑘 −
1
2
𝐵[𝛽(𝑇 − 𝑇0)
2 − 1]𝜀𝑘𝑘
2  
+𝐺 (𝜀𝑖𝑗 −
1
3
𝜀𝑘𝑘𝛿𝑖𝑗)
2
                                                                                                       (3) 
where F0 is the free energy of the unstrained body, α is the thermal expansion coefficient, 
B and G are the bulk and shear moduli, respectively. The stress and entropy are obtained 
from the free energy above through its derivative with respect to strain and temperature, 
respectively. The boundary condition for confined compression states that only one 
diagonal component of the strain tensor (e.g. εzz) is non-zero. Therefore, the entropy 
change can be written as (details in the Supplementary Information): 
                                          ∆𝑆(𝑇, 𝜎) = 𝑎1(T)𝜎 + 𝑎2(T)𝜎
2                                   (4) 
The experimental -ΔTS vs. σmax curve for NR at 293 K and the correspondent fitted 
model (equation (2)) are displayed in Fig. 4a, with aT = 61(5) K GPa
-n
T and nT = 0.98(6). 
The values obtained from the curve fitting at other temperatures are listed in the 
Supplementary Information (Table 1). Experimental data for ΔST as a function of σmax is 
shown in Fig. 4b. The curves were fitted both by the power law (equation (2)) and the 
quadratic function (equation (4)) derived from Helmholtz free energy (equation (3)). The 
fitting parameters obtained from this calculation are listed in Table 2 (Supplementary 
Information). Both fittings are in very good agreement with the experimental data at this 
specific temperature range.  
We could expect that the values of the fitting parameters nT and nS obtained from 
−ΔTS vs σmax and −ΔST vs σmax curves, respectively, are very close, but they are not. This 
fact can be explained by the distinct experimental procedures used to obtain the ΔTS and 
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ΔST curves, which imply in essentially different thermodynamic processes: quasi-
adiabatic and isobaric processes, respectively. The thermodynamic irreversibilities 
associated to each isobaric ε vs. T curve may result in ΔST values different from those 
that would be obtained from reversible processes. An example on how different 
experimental protocols (or thermodynamic processes) can affect the ΔST values of i-
caloric effects was reported by Carvalho and co-authors38. 
 
 
Figure 4: σb-CE as a function of maximum applied pressure (σmax). (a) ΔTS (decompression) vs. 
released pressure for initial temperature of 293 K; the dotted line corresponds to the fitting using 
equation (2); the pressure error is estimated in 2% for pressures up to 173 MPa and 3% above 
173 MPa. (b) ΔST vs. maximum applied pressure within the 305–295 K temperature range; the 
dotted and solid lines correspond to the fittings using equation (2) and equation (4), 
respectively. 
 
 
The physicochemical mechanisms underlying the observed σb-CE (i.e., pressure-
induced entropy or temperature changes) in NR are likely related to the rearrangement of 
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polymer chains during the compression/decompression process. An analogy can be drawn 
with σe-CE experiments, where the entropy decreases due the alignment of polymer 
chains induced by stretching, leading to the increase of the temperature in NR.27 In the 
case of barocaloric experiments, it is plausible to suppose the confined compression of 
NR leads to a decrease in its free volume (total volume minus volume occupied by 
chains), constraining the degrees of freedom of the polymer chains, particularly the 
rotation of the chemical bonds and the movements of the chains backbones. As 
consequence, the entropy and temperatures variations associated to the σb-CE are 
observed even in the absence of phase transitions, on the contrary of what was suggested 
elsewhere.12 The proposed qualitative model also clarifies the strong link between Tg and 
ΔTS, as evidenced in Fig.2. Tg marks the transition point from a rubbery state to a rigid 
state in a polymer. From a molecular point of view, it means a sharp decrease in motion 
of large segments of polymer chains when temperature reaches Tg (on cooling), 
explaining why ΔTS is significantly lower below this temperature.  
The present results concerning absolute values of ΔTS and ΔST are quite impressive 
when compared with those previously reported. Despite this, other relevant features 
should be considered for a proper evaluation of a specific material in view of cooling 
applications. For instance, the requirement of large applied pressures can represent a 
practical limitation for commercial devices, even if the material exhibits large ΔTS. In 
order to take both parameters into account, we display in Fig. 5a the normalized 
temperature change (|ΔTS/Δσ|) as a function of the initial temperature of NR (263–322 K 
temperature range); and as function of measured |ΔTS| values corresponding to those 
temperatures (Fig. 5b). These results are compared with published data for some 
prominent barocaloric materials. The |ΔTS/Δσ| in NR reaches the maximum value of ~63 
K GPa-1 at 322 K and |ΔTS|~11 K. It is noteworthy that all values for NR are significantly 
higher than those reported for any other barocaloric material. 
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Figure 5: Barocaloric properties for materials with large or giant σb-CE around room 
temperature (250–330 K). Normalized temperature change (|ΔTS/Δσ|) as function of (a) initial 
temperature and (b) measured |ΔTS| values. The materials and applied pressures are: NR (|Δσ| = 
173 MPa); PVDF30 (|Δσ| = 150 MPa); Mn3GaN39 (maximum reported for |Δσ| = 93 MPa); Ni-
Mn-In16 (maximum reported for |Δσ| = 260 MPa); Fe49Rh5140 (maximum reported for |Δσ| = 250 
MPa). *Indirect determination. (c) Normalized refrigerant capacity (NRC ≡ |RC/Δσ|) as a 
function of ΔTh-c ≡ Thot - Tcold (temperature difference between hot reservoir and cold reservoir): 
NR (Thot = 315 K, |Δσ| = 130 MPa); PVDF (Thot = 330 K, |Δσ| = 150 MPa); Mn3GaN (Thot = 295 
K, |Δσ| = 139 MPa); Ni-Mn-In (Thot = 300 K, |Δσ| = 160 MPa); Fe49Rh51 (Thot = 325 K, |Δσ| = 
160 MPa).  
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Aiming to compare the barocaloric materials considering the cooling power for 
different temperature spans, we also calculated the normalized refrigerant capacity (NRC) 
as a function of the temperature difference between hot reservoir and cold reservoir (ΔTh-
c ≡ Thot - Tcold), using the following relationship: 
                             𝑁𝑅𝐶(∆𝑇ℎ−𝑐, ∆𝜎) = |
1
∆𝜎
∫ ∆𝑆𝑇(𝑇, ∆𝜎)𝑑𝑇
𝑇ℎ𝑜𝑡
𝑇𝑐𝑜𝑙𝑑
|                       (5) 
For NR, the hot reservoir was fixed at 315 K. In Fig. 5c, it is possible to observe that NRC 
at ΔTh-c = 5 K for NR is approximately the same as for PVDF and higher than the other 
materials displayed in the graph. However, for higher ΔTh-c values the NRC for NR 
increases, reaching the striking value of ~9 kJ kg-1 GPa-1 at ΔTh-c = 25 K. Besides, the 
NRC curve for NR clearly indicates a tendency of increase for higher temperature spans, 
contrasting with the behavior of other compared materials. 
In summary, our results demonstrate that the barocaloric potential of NR is higher 
than any prominent barocaloric material investigated up to now. Very large pressure-
induced changes in the temperature and entropy were obtained at relatively low pressures, 
reaching the giant ΔTS value of ~ 25 K (for |Δσ| of 390 MPa, at 314 K) and supergiant 
ΔST value of 96 J kg-1 K-1 (for |Δσ| of 173 MPa, at 290 K). These barocaloric effects were 
observed in the absence of phase transitions during the compression/decompression 
cycles, on the contrary of what is verified for intermetallic compounds and semicrystalline 
polymers. A strong dependence of the barocaloric effect on the glass transition in natural 
rubber is verified, explaining the sharp decrease in ΔTS for lower temperatures. Also, we 
propose a thermodynamic relationship between the compressive stress and the entropy 
change, based on the Landau’s theory of elasticity. Finally, the normalized barocaloric 
parameters are also huge: the maximum observed normalized temperature change is 
|ΔTS/Δσ| ≈ 63 K GPa-1 (at 322 K) and the normalized refrigerant capacity NRC ≈ 9 kJ kg-
1 GPa-1 (for ΔTh-c = 25 K). All these values exceed those previously published results 
regarding barocaloric effect obtained from direct measurements, for any class of materials 
or experimental conditions considered. It is expected that the present findings could 
inspire further developments related to barocaloric materials and prototypes, boosting the 
progress of solid-state cooling technology soon. 
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Experimental details and preparation methods, FTIR data, experimental strain vs. 
temperature curves, fitting parameters data, derivation of the ΔS expression and 
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Materials and Methods 
Samples 
The natural rubber (NR) samples were prepared from a pre-vulcanized latex resin 
(from Siquiplas), cast into a cylindrical plaster mold. A resin feeder was used to prevent 
the formation of cavities due to the shrinkage of the latex while drying.  We made two 
samples with the following dimensions: 12 mm (diameter) and 19.5 mm (length); 8 mm 
(diameter) and 21.1 mm (length). The density of the samples is 902(7) kg m-3. For 
pressures ≤ 173 MPa, we used the 12 mm-diameter sample; above 173 MPa, the 8-mm-
diameter sample was used. We characterized the 12-mm-diameter sample via Fourier 
transform infrared spectroscopy (FTIR) from 450 to 4000 cm−1, with a fixed step of 2 
cm−1, using a FTIR spectrometer from PerkinElmer® (model Spectrum Two). The 
absorption bands observed in the spectrum (Fig. S1) are typical of NR samples. 
 
        
 
Figure S1. FTIR spectrum of the 12-mm-diameter sample of natural rubber. 
 
Experimental setup 
The experimental setup consists of a customized piston-cylinder carbon-steel 
chamber surrounded by a copper coil, enabling the circulation of cooling/heating fluids 
(water or liquid nitrogen, for instance). Two tubular heating elements (NP 38899, HG 
Resistências), placed in the proper holes in the chamber, are responsible for thermal 
stability when liquid nitrogen is used. Temperature is measured by two type-K 
thermocouples. A thermostatic bath (TE 184, Tecnal) was used to pump water in the 
18 
 
copper coil above 280 K. Below 280 K, liquid nitrogen was employed to cool down the 
sample. Uniaxial load is applied by a manual 15,000-kgf hydraulic press (P15500, 
Bonevau). A load cell (3101C, ALFA Instrumentos) measures the contact force. Sample 
displacement is probed by a precise linear length gauge (METRO 2500, Heidenhain Co). 
Temperatures are collected and controlled (if heating elements are used) by Cryogenic 
Temperature Controller (Model 335, Lake Shore Cryotronic). This system is described in 
details by Bom et al (ref. 31, main text).  
Description of the barocaloric experiments 
The direct measurements of barocaloric temperature changes (ΔTS) were obtained 
by the following procedure: i) the sample was submitted to compressive stresses quasi-
adiabatically, resulting in an immediate increase in temperature; ii) the load was kept 
constant, until the temperature decreases down to the initial temperature; iii) the load was 
released adiabatically, causing an abrupt decrease in the sample’s temperature. ΔTS 
curves for 273 and 390 MPa were measured from the maximum temperature (~314 K) 
down to minimum temperature (~223 K). Before starting the actual measurements, we 
have always performed several cycles in the maximum pressure until stabilizing the ΔTS 
value. The experiments were carried out only when the temperature in the sample was 
stable. Strains vs. temperature curves for NR (Fig. S2), used in the calculation of entropy 
variations shown in Fig. 3 (main text), were measured at different constant pressures (8.7 
– 173 MPa). Temperature was varied continuously by the thermostatic bath within the 
temperature range of ~ 285 − 330 K. 
Glass-transition temperature vs. pressure data 
The glass-transition temperatures (Tg) for NR at different pressures were 
measured by differential scanning calorimetry (DSC) and strain (ε) vs. temperature (T) 
curves. DSC measurement was carried out under atmospheric pressure, with heating rate 
of 10 K/min, from 186 K to 416 K. ε vs. T curves for obtaining Tg were measured in an 
analogous manner of ε vs. T curves for ΔST, but within a temperature range of 173–303 
K; here, the Tg values were obtained during heating process, when d
3ε/dT3 = 0. 
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Figure S2. Strain vs. temperature curves for natural rubber at constant pressures of 8.7(2), 
43.4(9), 87(2), 130(3) and 173(3) MPa measured on cooling, which were used to calculate the 
isothermal entropy change shown in Fig. 3 (main text). 
 
 
 
 
 
Figure S3. Temperature vs. time for NR at initial temperature of ~293 K; the peaks (or the 
valleys) are related to the adiabatic temperature change (ΔTS) when the pressures of 273(8) and 
390(12) MPa are applied (or released). 
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Table S1. Fitting parameters of –ΔTS vs. σmax curves for NR, obtained from the power law 
−∆𝑻(𝑻, 𝝈𝒎𝒂𝒙) = 𝒂𝑻𝝈𝒎𝒂𝒙
𝒏𝑻  (equation (2), main text). 
 
Temperature  
(K) 
aT  
(K GPa-nT) 
nT 
273 
293 
313 
54(3) 
61(5) 
63(4) 
0.96(4) 
0.98(6) 
0.96(5) 
 
 
Table S2. Fitting parameters of –ΔST vs. σmax curves for NR (Fig. 4b), obtained from the power 
law −∆𝑺(𝑺, 𝝈𝒎𝒂𝒙) = 𝒂𝑺𝝈𝒎𝒂𝒙
𝒏𝑺  (equation (2), main text) and from the quadratic function 
∆𝑺(𝑻, 𝝈) = 𝒂𝟏(𝑻)𝝈 + 𝒂𝟐(𝑻)𝝈
𝟐 (equation (4), main text). 
 
Temperature 
(K) 
aS 
(kJ kg-1 K-1 GPa−n𝒔) 
nS a1 
(kJ kg-1 K-1 GPa-1) 
a2 
(kJ kg-1 K-1 GPa-2) 
295 
300 
305 
0.34(1) 
0.29(2) 
0.22(3) 
0.90(1) 
0.88(3) 
0.83(6) 
0.483(2) 
0.447(5) 
0.41(1) 
-0.48(2) 
-0.54(4) 
-0.7(1) 
 
 
 
Appendix A: Derivation of the expression for ΔS (T,σ) from a modified Landau’s 
theory of elasticity  
Let us regard the Helmholtz free energy per unit volume as the following series 
expansion:1 
𝐹(𝑇, 𝜀𝑖𝑗) = 𝐹0(𝑇) − 𝐵𝛼(𝑇 − 𝑇0)𝜀𝑘𝑘 −
1
2
𝐵[𝛽(𝑇 − 𝑇0)
2 − 1]𝜀𝑘𝑘
2 + 𝐺 (𝜀𝑖𝑗 −
1
3
𝜀𝑘𝑘𝛿𝑖𝑗)
2
 
where F0 is the free energy of the unstrained samples, α is the thermal expansion 
coefficient; β accounts for a non-linear thermal deformation of the sample; B and G are 
the bulk and shear moduli, respectively; 𝛿𝑖𝑗 is the unit tensor. The notation above implies 
summation over repeated indexes (which can be x, y or z in Cartesian coordinates). 
Furthermore, T0 is a reference temperature where the sample experiences no thermal 
deformation. The expansion above converts the components of a rank-two tensor (the 
strain tensor 𝜀𝑖𝑗) into a scalar. 
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It is possible to obtain the entropy through the derivative of the free energy with 
respect to temperature: 
                                         𝑆 = −
𝜕𝐹
𝜕𝑇
= 𝑆0 + 𝐵𝛼𝜀𝑘𝑘 + 𝐵𝛽(𝑇 − 𝑇0)𝜀𝑘𝑘
2                                 (1) 
On the other hand, the internal stress is obtained differentiating the free energy with 
respect to the strain: 
𝜎𝑖𝑗 =
𝜕𝐹
𝜕𝜀𝑖𝑗
= −𝐵𝛼(𝑇 − 𝑇0)𝛿𝑖𝑗 − 𝐵𝛽(𝑇 − 𝑇0)
2𝜀𝑘𝑘𝛿𝑖𝑗 + 𝐵𝜀𝑘𝑘𝛿𝑖𝑗 + 2𝐺 (𝜀𝑖𝑗 −
1
3
𝜀𝑘𝑘𝛿𝑖𝑗)     
(2) 
Let us now consider the case of confined compression by a uniaxial stress, and let 
us assume that the stress is applied along the z axis. Therefore, the only non-vanishing 
component of the strain tensor is εzz. From equation (2), the component σzz is: 
                                𝜎𝑧𝑧 = −𝐵𝛼(𝑇 − 𝑇0) + {𝐵[1 − 𝛽(𝑇 − 𝑇0)
2] +
4
3
𝐺} 𝜀𝑧𝑧                      (3) 
Finally, combining equations (1) and (3), the entropy change can be expressed as a 
second-degree polynomial of the applied compressive stress: 
∆𝑆(𝑇, 𝜎) = 𝑎1(T)𝜎 + 𝑎2(T)𝜎
2 
 
Appendix B: Satisfying the isostatic condition 
The zz-component of the stress tensor above is related to the external applied stress 
𝜎𝑧𝑧 = −𝜎 (negative because the stress is compressive). The other diagonal components 
are: 
𝜎𝑥𝑥 = 𝜎𝑦𝑦 = −𝐵𝛼(𝑇 − 𝑇0) + {𝐵[1 − 𝛽(𝑇 − 𝑇0)
2] −
2
3
𝐺} 𝜀𝑧𝑧 
which are the components of the stress applied by the walls confining the sample and are 
responsible for keeping 𝜀𝑥𝑥 = 𝜀𝑦𝑦 = 0. If one considers, for the sake of simplicity, the 
temperature 𝑇 = 𝑇0, then the ratio 𝜎𝑥𝑥 𝜎𝑧𝑧⁄  becomes: 
𝜎𝑥𝑥
𝜎𝑧𝑧
=
3𝐵 − 2𝐺
3𝐵 + 4𝐺
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For natural rubber, 𝐵 = 2 × 109 Pa and 𝐺 = 3.33 × 104 Pa,2 which results in 𝜎𝑥𝑥 𝜎𝑧𝑧⁄ =
0.999967. Therefore, uniaxial compression of natural rubber is actually an isostatic 
compression. 
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